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http://dxBackground: The right gastroepiploic artery is useful as an in situ arterial graft for coronary artery bypass graft-
ing. However, the gastroepiploic artery is more likely to cause vasospasms compared with the internal thoracic
artery. We hypothesized that the cause of the spasms is the stimulation of the periarterial sympathetic nerve,
because the gastroepiploic artery is classified as a muscular artery. In this study, we examined whether the spasm
is reduced by removing the periarterial sympathetic nerve.
Methods:Unused parts of the gastroepiploic artery were obtained from patients who underwent coronary artery
bypass grafting. The vessel was cut into 2 segments, and they were assigned to control (Nþ) and denervation
(N) groups. The periarterial nervewas microscopically removed from the vessels of the N group. The vessels
in both groups were investigated by hematoxylin–eosin or immunohistochemical staining, and they were stim-
ulated by electrical field stimulation with serial frequency for isometric tension measurement.
Results: Histologic analyses revealed that periarterial connective tissues including neuropeptide Y were
removed to expose the external elastic membrane in the N vessel, whereas they were preserved in Nþ. The
mean contraction by electrical field stimulation with serial frequency was consistently lower in N than in
Nþ (P<.05 at 20 and 50 Hz; n ¼ 8 each). Endothelium-dependent relaxation and contractile function of the
smooth muscle were similar in both groups.
Conclusions: The removal of the periarterial sympathetic nerve from the human gastroepiploic artery reduced
vascular contraction, elicited by peripheral nerve stimulation, without disturbing endothelial and smooth muscle
contractile functions. This reduction may contribute to the prevention of vasospasms. (J Thorac Cardiovasc Surg
2014;147:951-5)A
C
DThe use of the right gastroepiploic artery (GEA) in coronary
artery bypass grafting (CABG) was first reported in 1987.1,2
The GEA has the ability to supply blood to the
posterolateral wall of the heart. Because it is an in situ
arterial graft that obtains direct blood flow from systemic
circulation, the use of the GEA prevents cerebral
infarctions caused by operating on the ascending aorta.3
In case of a multivessel disease, complete revascularization
has been shown to improve long-term survival.4 According
to a recent report, CABG using multiple arterial grafts
shows better late survival than CABG with left internal
thoracic artery (ITA) to left anterior descending artery
bypass and additional saphenous vein grafting.5 This indi-
cates the advantage of multiple arterial conduits for com-
plete revascularization. With increased prevalence ofe Department of Cardiovascular Surgery,a Juntendo University School of
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The Journal of Thoracic and Caarteriosclerosis-causing diseases such as diabetes, the num-
ber of patients with multivessel coronary artery disease is
increasing. Thus, there will be a growing demand for GEA.
However, the GEA grafts develop vasospasms more fre-
quently than the ITA grafts. A vasospasm can result in post-
operative shock and decreased long-term patency,6-8 and is
known to be triggered by endothelial and autonomic
nervous dysfunction.9,10 According to a study of canine
femoral arteries, which is classified as an elastic artery,
vascular tonus effect of the sympathetic nerve is superior
than the effect of an endothelial function.11 Because the
GEA is a muscular artery that adjusts blood flow by the peri-
arterial sympathetic nerve (PSN), there should be a greater
effect of the periarterial nerve to its vascular contraction.
This corresponds with the reports that vasospasm occurs
more frequently in the GEA than in the ITA, which is clas-
sified as an elastic artery.12 In this study, we investigate
whether removal of the PSN can reduce vasospasm using
immunohistochemical and physiologic analyses.
MATERIALS AND METHODS
Human Sample Collections
Patients who underwent CABG using GEA in Juntendo University Hos-
pital were included in this study. Handling of human samples followed the
Declaration of Helsinki. This study was approved by the Human Ethics
Committee of Juntendo University Hospital, and written informed consent
was obtained from each patient.rdiovascular Surgery c Volume 147, Number 3 951
Abbreviations and Acronyms
CABG ¼ coronary artery bypass grafting
EFS ¼ electrical field stimulation
GEA ¼ gastroepiploic artery
H&E ¼ hematoxylin–eosin
ITA ¼ internal thoracic artery
NPY ¼ neuropeptide Y
PSN ¼ periarterial sympathetic nerve
TTX ¼ tetrodotoxin
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Tissue preparation. Immediately after dissection, the GEA sample
was transferred to the laboratory in a cold (4C) HEPES buffered (25
mmol/L of HEPES, pH 7.4) Krebs bicarbonate solution containing the
following: 118 NaCl mmol/L, 4.7 KCl mmol/L, 1.5 CaCl2 mmol/L, 25
NaHCO3 mmol/L, 1.1 MgSO4 mmol/L, 1.2 KH2PO4 mmol/L, and 5.6 glu-
cose mmol/L. All samples for physiologic study were investigated on the
day of the collection. For the experiments, we used 2 cm from the proximal
side of each vessel. Surrounding connective tissue and adipose tissue were
removed using a pair of tweezers and scissors under the microscope, and
the vessel was cut into 2 segments. One segment was used as control group
(Nþ), and the other segment was used as the denervation group (N). Con-
nective tissue around the vessel of the denervation group was subsequently
trimmed to the layer of external elastic membrane to remove periarterial
nerves. After trimming, vessels in both groups were cut into 3 segments,
with each segment measuring approximately 3 mm. Two segments of the
three in each group were used for isometric tension measurement, and
the remaining segment was used for histologic study. Histologic study con-
sisted of hematoxylin–eosin (H&E) staining and immunohistochemical
staining, and they were performed using frozen-section and whole mount
of the vessel rings.
Hematoxylin–eosin staining. The frozen section was prepared by
immersing the vessel rings in 4% paraformaldehyde for 30 minutes and
then dehydrated by sucrose solutions of increasing concentration of
10%, 15%, and 20%. These rings were embedded in optimal cutting
temperature compound (Sakura, Tokyo, Japan) and stored at 80C. The
frozen block was sectioned at 20 mm using a cryomicrotome (Leica, Wet-
zlar, Germany) for H&E staining. H&E staining was applied to the sections
for 15 minutes. After washing with water, the sections were immersed in
95% alcohol for 30 seconds and in eosin (Sigma-Aldrich, St Louis, Mo)
for 60 seconds.
Immunohistochemical staining. Two axes (short and long axes)
of immunostainingwere performed.Theshort-axis sliceswerepreparedusing
the frozen block as described earlier. The frozen tissuewas sectioned at 5 mm
using a cryomicrotome and immersed in 0.5%Triton X-100 overnight. After
blocking with 2% of goat serum (Sigma-Aldrich) for 30 minutes, the section
was incubatedwith anti-neuropeptideY(NPY) antibody (EnzoLifeSciences,
Inc, Tokyo, Japan) at a dilution of 1:50 for 72 hours at 4C. F-actin was co-
stained using rhodamine-phalloidin (Sigma-Aldrich) at a dilution of 1:200
for 1 hour at room temperature. After incubating with secondary antibodies
(Alexa Fluor 488; Invitrogen, Tokyo, Japan) for 60 minutes, the section
was observed under a fluorescence microscope (Keyence, Osaka, Japan).
In long-axis immunostaining, the whole mount vessel was used. The
vessel was immersed in Zamboni solution (Sigma-Aldrich) for 48 hours
and treated with 0.5% Triton X-100 overnight. After blocking with 1%
of goat serum for 60 minutes, the vessel was incubated with anti-NPY
antibody at a dilution of 1:50 for 72 hours at 4C. After incubating with
secondary antibodies (Alexa Fluor 488) for 60 minutes, the vessel was
observed with a confocal laser-scanning microscope (Leica).952 The Journal of Thoracic and Cardiovascular SurgIsometric tension measurement. Two vessel rings were pre-
pared from each group. A total of 4 vessel rings were mounted on Magnus
electrode wire hooks (Unique Medical, Tokyo, Japan) that were connected
to force transducers (Nihon Kohden, Tokyo, Japan). Electrical field stimu-
lation (EFS) was provided by an electrical stimulator (DiaMedical System,
Tokyo, Japan), and the changes in isometric force were recorded by a poly-
graphic recording system (Rikadenki, Tokyo, Japan). The vessel rings were
incubated in individually thermostated (37C) 10-mLMagnus baths for 60
minutes at an optimal passive tension of 4 g in Krebs bicarbonate buffer
gassed with 95% O2-5% CO2. Vascular contraction of each vessel caused
by high-KCL (high Kþ) Krebs in which NaCl was replaced by KCl (KCl:
122.7 mmol/L) was defined as maximum contraction (100%).
Optimal voltage of EFS for each vessel was defined at the volt when the
vascular contraction of Nþ occurred by increasing the voltage from 1 to 20
volts (V) with square-wave pulses (2.0 ms of duration) and 1 Hz frequency.
After optimal voltagewas obtained, vascular contraction was recordedwith
stimulate frequency of 1, 2, 5, 10, 20, and 50 Hz. The stimulation was
applied for 30 seconds, and the vessels were stabilized until vascular con-
traction returned to baseline. The vessel rings that were not contracted by
high Kþ Krebs or that were in vasospasm more than 6 hours were excluded
from the study.
Statistical Analysis
The EFS data were evaluated using LabChart 7 software (AD Instru-
ments, Nagoya, Japan), and the results were expressed as the means 
standard error of the mean. The Student t test was used to compare the data.
RESULTS
Histologic Analyses
H&E staining revealed that the periarterial tissues outside
the external elastic membraneweremaintained inNþ vessel,
whereas they were removed in N. Moreover, smooth mus-
cle and endothelial cells were observed inside the external
elastic membrane in both groups. These results showed that
even after successful denervation, smooth muscle and endo-
thelial cells were not injured by trimming (Figure 1,A andB).
Double immunostaining of short-axis vessels was per-
formed using NPY as a marker for sympathetic nerve and
F-actin as a marker for smooth muscle. The NPY signals
were detected around the external smooth muscle of Nþ,
and the signals were substantially reduced around the exter-
nal smooth muscle of N (Figure 1, C and D). Immuno-
staining of long-axis vessels with NPY as a marker for
sympathetic nerve was performed. The NPY signals that
formed a network around the vessel of Nþ had nearly
disappeared in the vessel of N (Figure 1, E and F).
Isometric Tension Measurement
GEA contraction data from 8 cases are analyzed in
Figure 2. Optimal volts for EFS in each vessel were 8 V
in 4 cases, 10 V in 3 cases, and 20 V in 1 case. The mean
contraction by EFS was consistently lower in N than in
Nþ: 2.5%  1.5%, 4.7%  2.8%, 9.9%  4.6%,
19.5% 7.3%, 21.3% 7.2%, and 23.1% 5.1% versus
7.0%  3.9%, 12.6%  7.3%, 22.5%  9.5%,
32.7%  8.3%, 43.5%  4.9%, and 44.9%  5.2% at
1, 2, 5, 10, 20, and 50 Hz, respectively (P<.05 at 20 and
50 Hz).ery c March 2014
FIGURE 1. Histology of gastroepiploic artery PSN plexus. A and B, H&E staining of a short-axis vessel. Periarterial tissues were outside the muscle layer
of Nþ. However, periarterial tissues were removed outside the muscle layer of N. C and D, Double histochemical staining of a short-axis vessel for NPY
and F-actin. NPY signal appeared outside the F-actin of Nþ. However, the NPY signal was removed outside the F-actin of N. E and F, Histochemical
staining of a long-axis vessel for NPY. NPY signal was observed to build a network around the vessel of Nþ; however, NPY signals showed that the network
around the vessel of N had nearly disappeared. NPY, Neuropeptide Y.
Yokoyama et al Acquired Cardiovascular Disease
A
C
DFrequency-dependent vascular contraction was inhibited
by tetrodotoxin (TTX), a voltage-sensitive sodium channel
blocker that blocks the release of neurotransmitter from the
nerve terminals. The contraction was almost eliminated in
the presence of TTX: 0.0%  0.0%, 0.3%  0.1%,
1.1%  0.3%, 2.6%  0.7%, 5.7%  1.7%, and
10.8%  4.0% at 1, 2, 5, 10, 20, and 50 Hz, respectively
(P<.05 from 5 to 50 Hz, Figure 2, lower line). This result
indicated that the vascular contraction induced by EFS was
evoked via the depolarization of nerve terminals instead of
a direct stimulation of the vascular smooth muscle.
The vessel rings were initially contracted with noradren-
aline (1 mmol/L). Once a steady-state level of contraction
was observed, acetylcholine (1 nmol/L-10 mmol/L) wasThe Journal of Thoracic and Caapplied cumulatively to evaluate the endothelium-
dependent relaxation. There was no significant difference
in endothelium-dependent vascular relaxation between
Nþ and N. These results indicated that endothelial func-
tions were not injured by trimming (Figure 3).
To determine whether the smooth muscle contractile
function was sustained after harvest, maximum contractile
force induced by high Kþ was obtained at the beginning
and end of each experiment. There was no significant differ-
ence between the 2 groups at the beginning or end of the
experiment (Figure 4). Furthermore, each vessel did not
show a significant change in the value of maximum contrac-
tile force at the beginning and end of the experiment. These
results indicated that contractile function of smooth musclerdiovascular Surgery c Volume 147, Number 3 953
FIGURE 2. Gastroepiploic artery contraction to electrical field stimula-
tion at frequencies from 1 to 50 Hz. Contraction in N was lower than
in Nþ at all frequencies in the absence of TTX. Vascular contraction
was almost eliminated in the presence of TTX, indicating that the contrac-
tion was evoked by the periarterial nerve plexus (N¼ 8, each). Nþ, Gastro-
epiploic artery rings with periarterial nerve plexus; N, gastroepiploic
artery rings without periarterial nerve plexus; TTXþ, with 1 mmol/L
TTX, TTX, without 1 mmol/L TTX. TTX, Tetrodotoxin.
FIGURE 4. Gastroepiploic artery contraction to high Kþ at the beginning
and end of the experiment. Contraction force in both groups was similar at
the beginning and end of each experiment. In addition, decline of contrac-
tion was unrelated to the time course, indicating that the contractile func-
tion of smooth muscle was not injured by trimming or time course (N ¼ 6,
each). Nþ, Gastroepiploic artery rings with periarterial nerve plexus; N,
gastroepiploic artery rings without periarterial nerve plexus.
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Dwas not impaired by trimming or other experimental
protocols.
DISCUSSION
This study revealed that vascular contraction caused by
EFS in human GEAwas reduced when its periarterial nerve
was removed. Although the periarterial nervewasmostly re-
moved bymanual trimming, smooth muscle and endothelial
functionwere preserved.Many studies have investigated the
vascular contraction of the blood vessel preparations using
periarterial nerve stimulations.13-17 However, we believe
the present study is the first to investigate the vascular
contraction of a blood vessel whose periarterial nerve was
mechanically removed.FIGURE 3. Relaxation of noradrenaline-precontracted gastroepiploic
artery to acetylcholine. Relaxation was similar in both groups, indicating
the endothelial function was not injured by trimming (N ¼ 8, each). Nþ,
Gastroepiploic artery rings with periarterial nerve plexus; N, gastroepi-
ploic artery rings without periarterial nerve plexus. NS, Not significant.
954 The Journal of Thoracic and Cardiovascular SurgNPY and calcitonin gene-related peptide are popularly
known as typical marker proteins of perivascular nerve.18
Among these proteins, NPY is thought to exist on adrena-
line and to enhance its effect.19 Immunostaining of NPY
was performed to confirm the successful removal of the
PSN in this study. In the long-axis staining, a uniformly
built network of NPY-containing nerve fibers was seen
around the vessels of Nþ, whereas the network of nerve
fibers around the vessels of N had nearly disappeared.
As in the previous study,20 short-axis staining showed
NPY signals in periarterial tissues outside the external elas-
tic membrane of Nþ. However, NPY signals were not seen
outside the external elastic membrane of N in this study,
and yet smooth muscle and endothelial cells inside the
external elastic membrane were intact as in Nþ.
An imbalance in the autonomic nervous system is re-
ported to be one of the mechanisms of vasospasm.21 Under
normal condition, the sympathetic nerve activity releases
a vasoconstrictor substance (eg, noradrenaline) to bind to ad-
renergic receptors in the smoothmuscle, resulting in smooth
muscle contraction.22 The myosin light-chain phosphatase
is responsible for the release of vascular contraction. The in-
terruption of the phosphatase pathway causes continuous
vascular contraction, which is reported to be the mainmech-
anism of vasospasm.23 This vasospasm triggers the terminal
of sympathetic nervous system to secrete additional vaso-
constrictor substance, such as noradrenaline, which
continues to act on the smooth muscle. EFS is commonly
performed for functional evaluation to assess PSN.13-17
The strength of EFS is determined by voltage, frequency,ery c March 2014
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noradrenaline from the terminal of sympathetic nervous is
dependent on frequency.14 Thus, only the frequency was al-
tered in this study, whereas the voltage and the durationwere
kept unchanged. Although vascular contraction increased
depending on the frequency in both groups, the contraction
of Nwas consistently lower than that of Nþ at all frequen-
cies. Because of the removal of PSN and the elimination of
the nerve network, there was a decrease in the secretion of
noradrenaline from the terminal of sympathetic nerves.
However, an increase in vascular contraction of Nwas ob-
served with increasing frequency. As the result of immuno-
staining shows, the PSN ofNwasmostly but incompletely
removed, and noradrenaline was secreted by the remaining
nerve terminals. Furthermore, the vascular contraction was
inhibited by TTX, a neuroleptic agent, in both groups.
This proves that the vascular contraction to EFS in this study
was caused by periarterial nerve stimulation.
Other factors associated with vasospasm are endothelial
and smooth muscle function. Nitric oxide, which is produced
from endothelial cells by acetylcholine stimulation, causes
relaxation of the smooth muscle.9,10,20 Cumulative
concentration of acetylcholine was added to evaluate the
endothelium-dependent vascular relaxation in vessels pre-
contracted with noradrenaline. As shown in the results
section, endothelial function and contractile function of
smooth muscle were similar in both groups. These results
were consistentwith the outcomes of the histologic investiga-
tion using immunostaining. Furthermore, vascular force de-
velopment was not significantly decreased at the end of the
experiment inbothgroups. These results show that contractile
function of the smooth muscle was not injured during exper-
imental protocols. Although human GEAwas used and EFS
was performed to simulate the in vivo condition, further stud-
ies, including layer analysis of the ‘‘skeletonized’’vessels, are
necessary to evaluate the efficacy in the clinical setting, such
as prevention of perioperative vasospasm, long-term patency,
and even improvement in survival.
CONCLUSIONS
The present study indicates that trimming of perivascular
connective tissue could remove the periarterial nerve plexus
while preserving endothelial and contractile function of the
smooth muscle. Moreover, vascular contraction through the
periarterial nerve plexus was reduced by denervation, sug-
gesting that the removal of the periarterial nerve plexus
inhibits the vasospasm.
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